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300 

AN ESD PROTECTION CIRCUIT HAS A FIRST AND SECOND SERIES 
CONNECT NFETS THAT CAN CONDUCT AN ESD CURRENT FROMA 
FIRST SUPPLY NODE TO ASECOND SUPPLY NODE DURING AN 
ESD EVENT, THE GATE OF THE FIRSTNFET IS COUPLED TO THE 
FIRST SUPPLY NODE AND THE GATE OF THE SECOND NFET IS 
ALSO COUPLED TO THE FIRST SUPPLY NODE SUCH THAT A 

CONDUCTIVE PATHIS ESTABLISHED FROM THE FIRST SUPPLY 
NODE, THROUGH THE FIRSTNFET, THROUGH THE SECONDNFET, 

AND TO THE SECOND SUPPLY NODE. 

AFTER THE ESD EVENT, ANRC TRIGGER CIRCUIT WITHIN THE ESD 
PROTECTION CIRCUIT TRIGGERS, THEREBY CONTROLLING BOTH 

THE FIRST AND SECOND NFETS TO BE NONCONDUCTIVE 

FIG. 8 
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N-CHANNEL ESD CLAMP WITH IMPROVED 
PERFORMANCE 

0001. The present Application for Patent claims priority 
to Provisional Application No. 60/840,275 entitled 
“Improved Cascoded RC Triggered ESD Clamp' filed Aug. 
24, 2006, and assigned to the assignee hereof and hereby 
expressly incorporated by reference herein. 

BACKGROUND INFORMATION 

0002 1. Technical Field 
0003. The disclosed embodiments relate to ESD protec 
tion circuits. 
0004 2. Background Information 
0005 Integrated circuits can be damaged by high voltage 
spikes produced by electrostatic discharge (ESD). High 
static charges can develop on the human body. Consider a 
situation in which a packaged integrated circuit is free and 
is not coupled to a printed circuit. Power and ground 
conductors within the integrated circuit may be resting at a 
first potential. If a person were charged with a static charge, 
and then were to touch a terminal of the integrated circuit, 
the high static Voltage charge on body of the person might 
be discharged quickly through the terminal and into the 
integrated circuit until the integrated circuit and the human 
body equalize at a common potential. Such an electrostatic 
discharge event would momentarily introduce high voltages 
and high currents into the integrated circuit that may damage 
the integrated circuit. In one example, the gate dielectric 
material of a small logic transistor in the integrated circuit is 
thin and breaks down when a high Voltage is momentarily 
present between its gate electrode and the underlying semi 
conductor material. During the ESD event, the gate dielec 
tric breaks down and is permanently damaged. When the 
integrated circuit is later incorporated into a usable product, 
the product may be defective or inoperable due to the 
damage done to the integrated circuit during handling. 
0006 To prevent this situation, circuits called electro 
static discharge (ESD) protection devices are commonly 
incorporated into integrated circuits. An ESD protection 
circuit has circuitry that is able to shunt the momentary high 
currents of an ESD discharge event while dropping a low, 
non-destructive voltage. One type of ESD protection circuit 
is commonly referred to as an ESD “clamp.” If the voltage 
between a Voltage Supply terminal and a ground terminal of 
the integrated circuit starts to increase rapidly as in an ESD 
event, then the ESD protection device becomes conductive 
and clamps one terminal to the other (or clamps one internal 
Supply Voltage bus to another). The clamping is such that the 
charge of the high voltage ESD event on one of the terminals 
is discharged through the ESD protection device and to the 
other terminal. The ESD event is only of a short duration, so 
after the ESD event the ESD protection device is no longer 
conductive. There are situations in which circuitry must be 
operated at a voltage higher than the rating of the semicon 
ductor field effect transistors (FETs) used in the circuit. In 
Such a case, a technique called “cascading is used. In this 
technique, FETs of like polarity are placed in series to allow 
the circuit to operate above the Voltage rating of the indi 
vidual FETs. Such circuits require a bias voltage level 
between the positive Supply terminal and the negative Sup 
ply terminal. 
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0007 FIG. 1 (Prior Art) is a circuit diagram of one 
conventional cascoded ESD protection circuit. Supply volt 
age conductor 1 is coupled to a first terminal and ground 
conductor 2 is coupled to a second terminal, and an inter 
mediate Supply 9 or cascode bias Voltage is coupled to a 
third terminal. Assume that all nodes of the circuit are 
initially at the same potential. If the Voltage on conductor 1 
increases rapidly with respect to ground potential on con 
ductor 2, then the large N-channel FETs 3 and 4 are made 
conductive to conduct possible ESD current from conductor 
1 to conductor 2. The circuit involves two RC circuits. 
P-channel transistor 5 functions as a resistor and P-channel 
transistor 6 functions as a capacitor. P-channel transistors 7 
and 8 are coupled together in similar fashion. Consider the 
RC circuit involving transistors 5 and 6. Initially, the capaci 
tance of transistor 6 is discharged and there is no voltage 
drop across the capacitance of transistor 6. Node 10 is 
therefore at a digital low with respect to the Supply Voltages 
on leads 11 and 12 of inverter 13. When the voltage between 
conductors 1 and 9 increases rapidly, the capacitance of 
transistor 6 is charged relatively slowly through the resis 
tance of transistor 5. As a result, a digital low is present on 
the input of inverter 13. Inverter 13 outputs a digital high, 
which causes the gate of large N-channel transistor 3 to be 
coupled to conductor 1. Large N-channel transistor 3 is 
made conductive. The lower portion of the circuit of FIG. 1 
works in an identical fashion to the upper portion of the 
circuit. Accordingly, both large N-channel transistors 3 and 
4 turn on quickly during an ESD condition when the Voltage 
between conductors 1 and 2 is detected to rise rapidly. 
Transistors 3 and 4 discharge the static ESD charge, and 
prevent the voltage between conductors 1 and 2 from 
reaching high levels that would damage other sensitive 
circuitry within the integrated circuit. 
0008 After a short time, the capacitances of transistors 6 
and 8 charge to the point that the voltages on nodes 10 and 
14 reach the switching voltages of inverters 13 and 15. The 
inverters 13 and 15 then switch to output digital logic low 
values that in turn cause transistors 3 and 4 to be noncon 
ductive. Once the large N-channel transistors 3 and 4 are 
nonconductive, then a Voltage Supply Supplying VDD can be 
coupled to conductors 1 and 2 in a normal power-up 
condition. In a normal power-up condition, the Voltage 
between conductors 1 and 2 does not rise quickly as in an 
ESD event. The voltages between conductors 1 and 9 and 
between conductors 9 and 2 increase slowly such that the 
capacitors of transistors 6 and 8 are always adequately 
charged and Such that the Voltage on nodes 10 and 14 remain 
above the switching voltages of inverters 13 and 15. Invert 
ers 13 and 15 therefore always output digital logic low 
values. The transistors 3 and 4 therefore remain nonconduc 
tive. The voltage between conductors 1 and 2 can be raised 
in this fashion until the voltage between the conductors 1 
and 2 is at the supply voltage VDD level. The ESD protec 
tion circuit does not conduct current from conductor 1 to 
conductor 2 during a normal power-up condition. 
0009. There are two common models used to test the 
adequacy of ESD protection circuits: the Human Body 
Mode (HBM) and the Charge Device Model (CDM). In the 
CDM model, the ESD pulses are of high current magnitudes 
but are of shorter duration than the ESD pulses in the HMB 
model. Under CDM testing, large N-channel transistors used 
to conduct ESD current in ESD clamps were noticed to fail. 
Ballasts were therefore provided and the voltage at which 
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the ESD protection failed was successfully increased. It was, 
however, recognized that providing the ballasts increased 
the amount of integrated circuit area consumed by the ESD 
protection circuits. A P-channel transistor of similar con 
struction, although it had a lower carrier mobility and 
therefore was made larger to conduct the same amount of 
ESD current as an N-channel transistor, was not seen to fail 
in the ESD protection circuit application. The amount of 
integrated circuit area consumed by the P-channel transistor 
was sometimes less than the amount of integrated circuit 
area consumed by a smaller N-channel transistor and its 
associated ballast. Accordingly, ESD protection circuits 
came to use P-channel transistors for the large ESD current 
carrying transistors. 
0010 FIG. 2 (Prior Art) is a diagram of an ESD protec 
tion circuit employing P-channel transistors P1 and P2 for 
the large ESD current carrying transistors. During a rapid 
rise of the Voltage between conductor 16 and ground con 
ductor 17, the RC circuit 18 initially provides a digital logic 
low onto the input lead 19 of inverter 20 with respect to the 
supply voltages on inverter 20. Inverter 20 therefore outputs 
a digital logic high onto the input lead 23 of inverter 21, 
which in turn couples the gate of P1 to the low potential on 
node 22. Transistor P1 is therefore made conductive. The 
low potential on node 22 is directly coupled to the gate of 
transistor P2, so transistor P2 is also conductive. Node 23 is 
coupled to conductor 16 by inverter 20, so node 23 has a 
higher potential than does node 22. The Voltage on node 22 
is below the switching threshold of inverter 23. Inverter 24 
therefore outputs a digital high Voltage (the Voltage on node 
23) onto the gate of transistor 25, thereby making transistor 
25 conductive and keeping the Voltage on node 22 coupled 
to ground potential. The ESD current is conducted from 
conductor 16, through transistors P1 and P2, and to ground 
conductor 17. 
0011. After the passing of the ESD event, the voltage on 
node 19 increases with respect to the voltage on conductor 
22 to the point that the switching threshold of inverter 20 is 
reached. Inverter 20 switches, inverter 21 Switches, and the 
gate of transistor P1 is coupled to conductor 16 by inverter 
21. Transistor P1 is then turned off. At this time, node 23 is 
coupled to node 22 by the pulldown transistor in inverter 20. 
The voltage on the input lead of inverter 24 is no longer 
below the switching point of inverter 24. Inverter 24 there 
fore Switches and couples the gate of transistor 25 to ground 
conductor 17, thereby turning transistor 25 off. Because 
node 22 is no longer coupled to ground conductor 17, the 
voltage on node 22 rises and turns transistor P2 off. Accord 
ingly, after the ESD event both large P-channel transistors 
P1 and P2 are nonconductive. Under normal operating 
conditions with a voltage applied to Supply conductor 16, an 
intermediate Voltage to conductor 22, and ground to ground 
conductor 17, the gate of transistor P1 is held to its source 
potential thereby biasing transistor P1 off. The gate of 
transistor P2 is held at the potential of conductor 22, thereby 
lowering the drain-to-source potential of transistor P1 to a 
safe level. 

SUMMARY 

0012. An electrostatic discharge (ESD) protection circuit 
uses a stacked pair of large series-connected Field Effect 
Transistors (FETs) to conduct ESD current from a first 
Supply node to a second Supply node in an integrated circuit. 
The ESD protection circuit includes an ESD detection 
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circuit. During an ESD event, an RC trigger circuit within an 
ESD detection circuit triggers, thereby causing the ESD 
detection circuit to make both the first FET and the second 
FET conductive. ESD current can therefore be conducted 
from the first supply node, through the first FET, through the 
second FET, and to the second Supply node. After an amount 
of time, the RC trigger circuit times out. The time out causes 
the ESD detection circuit to turn off the FETs. 
0013 During a normal power-up sequence, a cascode 
Supply Voltage V2 (for example, 1.8 volts) is applied onto a 
third supply node of the ESD protection circuit. The voltage 
on the third supply node is ramped up from Zero volts to the 
supply voltage V2. Then, a supply voltage VDD (for 
example, 3.0 volts) is applied onto the first supply node of 
the ESD protection circuit. The voltage on the first supply 
node is ramped up from Zero volts to the voltage VDD. The 
ramp times in the normal power-up sequence are adequately 
long that the RC trigger circuit does not trigger. The stacked 
series-connected FETs of the ESD protection circuit are 
therefore not made conductive. In one example, the RC 
trigger circuit does not trigger if the Voltage VDD ramps 
from Zero volts to 3.0 volts in 20 microseconds or more. 

0014. In one novel aspect, the stacked series-connected 
FETS are N-channel FETs (NFETs). During an ESD event, 
the ESD detection circuit couples the gates of both of these 
NFETs to the first supply node. The NFETs are coupled to 
the first supply node by different and separate conductive 
paths. The first and second FETs, rather than being P-chan 
nel FETS, are N-channel FETs. Each NFET is completely 
encircled by its own substrate tie ring. The substrate tie ring 
couples the body of the NFET to a ground potential through 
numerous body contacts. Each body contact couples a P+ 
diffusion into the body with the overlying tie ring. The 
contacts are located in a ring at a distance from the transistor 
channel. During an ESD event, the body tie and tie ring 
structure cause a slight shifting of the threshold Voltage of 
the NFET which in turn allows the NFET to draw more 
current without failing under the high Voltage conduction 
situation. 

0015. In a second novel aspect, the RC trigger circuit 
includes a capacitance that is charged through a resistance. 
Between the resistance and the capacitance is a node called 
the trigger node. The resistance involves a P-channel tran 
sistor whose gate is coupled to the gate of the second NFET. 
During an ESD event, the gate of the second NFET is 
coupled to the first supply node by the ESD detection circuit 
as described above. Accordingly, the P-channel transistor is 
biased off and is not conductive during an ESD event. The 
P-channel transistor does not affect the timing of the RC 
trigger circuit during an ESD event. In a normal power-up 
sequence, however, the gate of the second NFET is coupled 
to the second supply node. The relatively low voltage on the 
gate of the second NFET causes the P-channel transistor of 
the resistance of the RC trigger circuit to be conductive. The 
P-channel transistor being conductive couples the trigger 
node to the third Supply node, and prevents the RC trigger 
from triggering under a condition of a rapid rise in the 
supply voltage VDD on the first supply node. 
0016. In a third novel aspect, the ESD detection circuit 
includes a level-shifting inverter. The level-shifting inverter 
includes two series-connect P-channel transistors and a 
pulldown resistor. If both of the P-channel transistors are 
made to be conductive, then the P-channel transistors pull an 
output node of the level-shifting inverter up to a high 
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potential on the first Supply node. The output node is coupled 
to the gate of the second NFET. If, on the other hand, one of 
the P-channel transistors is not conductive, then the pull 
down resistor pulls the output node down to the low poten 
tial on the second supply node. The level-shifting inverter is 
used to communicate the trigger signal from the RC trigger 
circuit to the gate of the second NFET so that the second 
NFET is turned on during an ESD event as so that the NFET 
is turned off by a time out of the RC trigger circuit. 
Advantageously, the resistor is used to pull down the output 
node rather than an N-channel transistor because an N-chan 
nel transistor could be susceptible to Snap-back. If an 
N-channel transistor were to Snap-back, then the gate drive 
to the second NFET could be reduced and/or the N-channel 
transistor could become damaged. Another advantage of the 
level-shifting inverter is that the third supply node onto 
which the supply voltage V2 is received is not directly 
coupled to the gate of the second NFET. The third supply 
node may be capacitively loaded due to its being connected 
to other circuitry on the integrated circuit and due to its 
being connected to a Supply terminal. The decoupling of the 
gate of the second NFET from the third supply node allows 
the voltage on the gate of the second NFET to be changed 
rapidly without being slowed down by the capacitive load on 
the third supply node. 
0017. The foregoing is a summary and thus contains, by 
necessity, simplifications, generalizations and omissions of 
detail; consequently, those skilled in the art will appreciate 
that the Summary is illustrative only and does not purport to 
be limiting. 
0018. Other aspects, inventive features, and advantages 
of the devices and/or processes described herein, as defined 
solely by the claims, will become apparent in the non 
limiting detailed description set forth herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0019 FIG. 1 (Prior Art) is a circuit diagram of a first type 
of conventional ESD protection circuit. 
0020 FIG. 2 (Prior Art) is a circuit diagram of a second 
type of conventional ESD protection circuit. 
0021 FIG. 3 is a diagram of a system 100 in accordance 
with one novel aspect. The system 100 includes a novel ESD 
protection circuit 110. 
0022 FIG. 3A is a top-down layout diagram of one of 
NFETS 115 and 116. 
0023 FIG. 4 is a waveform diagram of node voltages 
within the ESD protection circuit 110 of FIG. 3. 
0024 FIG. 5 is a waveform diagram of current IDD 
flowing into the ESD protection circuit 110 of FIG. 3. 
0025 FIG. 6 is a diagram showing a spike in the current 
IDD under a normal power-up condition, in a situation in 
which P-channel transistor 129 of the ESD protection circuit 
is not provided. 
0026 FIG. 7 is a diagram showing the reduced magni 
tude of the spike of current IDD under a normal power-up 
condition, in a situation in which P-channel transistor 129 of 
the ESD protection circuit is provided. 
0027 FIG. 8 is a simplified flowchart of a method 300 in 
accordance with one novel aspect. 

DETAILED DESCRIPTION 

0028 FIG. 3 is a diagram of a system 100 in accordance 
with one novel aspect. System 100 includes a power man 
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agement integrated circuit (PMIC) 101, a first external 
Voltage Supply source 102, a second external Voltage Supply 
source 103, and an integrated circuit 104. The PMIC 101 
controls the sequencing of how the Supply Voltages VDD 
and V2 are Supplied to integrated circuit 104 during a normal 
power-up condition. PMIC 101 controls the sequencing by 
enabling the external voltage supply sources 102 and 103 
through enable lines 105 and 106. If, for example, VDD 
voltage supply source 102 is enabled, then VDD voltage 
supply source 102 supplies supply voltage VDD onto ter 
minal 107 of integrated circuit 104. It is understood that the 
voltage VDD is a voltage between terminals 107 and 108 
and that the external Voltage Supply source 102 is also 
connected to terminal 108 by connections not shown. Simi 
larly, if V2 voltage supply source 103 is enabled, then V2 
Voltage Supply source 103 Supplies Supply Voltage V2 onto 
terminal 109 of integrated circuit 104. In this example, 
PMIC 101 controls the order and ramp rates in which the 
power supply voltages VDD (for example, 3.0 volts) and V2 
(for example, 1.80 volts) are supplied to integrated circuit 
104. 

0029 Integrated circuit 104 includes the three supply 
terminals 107-109, an electrostatic discharge (ESD) protec 
tion circuit 110, and other circuitry (not shown). Integrated 
circuit 104 is fabricated in a 45 nanometer CMOS process or 
another suitable CMOS process. The other circuitry includes 
circuitry that is to be protected by the ESD protection circuit. 
In the illustrated example, the integrated circuit 104 includes 
output drivers (not shown) for driving signals out of inte 
grated circuit 104. These output drivers receive the supply 
voltage V2 from another source and are therefore coupled to 
terminal 109. Voltage V2 is an intermediate cascode voltage 
and is used to allow MOSFETs to operate in a safe operating 
region even though the Supply Voltage VDD is higher than 
the safe operating voltage of the MOSFETs. Similarly, ESD 
protection circuit 110 receives the supply voltage V2 from 
another source. Conductor 111 is a conductor through which 
terminal 109 is coupled to the output drivers and to ESD 
protection circuit 110. 
0030 ESD protection circuit 110 includes a first supply 
node 112, a second supply node 113, a third supply node 114, 
a first large N-channel field effect transistor (NFET) 115, a 
second large NFET 116, and an ESD detection circuit 117. 
The first and second NFETs are sometimes referred to as 
“bigFETs'. ESD detection circuit 117 includes an RC circuit 
118, two CMOS inverters 119 and 120, a level-shifting 
inverter 121, a third NFET 122, a fourth NFET 123, and 
three diodes 124-126. RC circuit 118 includes a P-channel 
field effect transistor 127 (200/6 microns) that is connected 
to function as a capacitor. RC circuit 118 also includes an 
N-channel field effect transistor 128 (30/0.6 microns) and a 
P-channel field effect transistor 129 (10/0.6 microns) that are 
coupled in parallel. These transistors 128 and 129 function 
as a resistance through which current flows to charge the 
capacitance of transistor 127. RC circuit 118 together with 
CMOS inverter 135 are referred to here as an RC trigger 
circuit. CMOS inverter includes a 10/0.2 micron P-channel 
pullup FET and a 40/0.2 micron N-channel pulldown FET. 
0031 Level-shifting inverter 121 includes two P-channel 
transistors 130 and 131 (240/0.2 microns) and a 5 k ohm 
pulldown resistor 132. Resistor 132 may, for example, be a 
polysilicon resistor or a diffusion resistor. If both of tran 
sistors 130 and 131 are controlled to be conductive, then 
transistors 130 and 131 pull the voltage on output node 133 
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up to the voltage on first supply node 112. If, on the other 
hand, either of transistors 130 or 131 is controlled to be 
nonconductive, then current flow through resistor 132 pulls 
the voltage on output node 133 down to the voltage on 
second supply node 113. The pull down component of 
level-shifting inverter 121 is not an N-channel transistor, but 
rather is a resistor 132. If an N-channel transistor were used, 
then there would be a possibility that the transistor could 
Snap-back, and become damaged and/or reduce the gate 
drive of NFET 116. Using resistor 132 to pull down the 
output node 133 within the level-shifting inverter eliminates 
the possibility of Snap-back. 
0032 FIG. 3A is a layout diagram of one of NFETs 115 
or 116. NFETs 115 and 116 are 2000/L micron short-channel 
thin oxide field effect transistors having what are referred to 
as “loose body ties”. To optimize layout area, NFETs 115 
and 116 are laid out with their polysilicon gates next to each 
other and with a common Substrate tie ring encircling the 
two NFETs 115 and 116. The substrate tie ring couples the 
body of the NFETs to a ground potential on second supply 
node 113. Each contact couples a P+ diffusion with the 
overlying metal tie ring. The P+ diffusion tie ring is located 
in a ring at a distance from the transistor channel. When the 
NFET goes into a high Voltage conduction mode during an 
ESD event, there is impact ionization current due to the high 
Voltage pulse. The loose body ties and tie ring structures 
cause forward biasing of the body source junction that in 
turn cause conduction of the parasitic NPN bipolar transistor 
associated with the drain, body, and source regions. This 
allows higher conduction without failure. More precisely, 
the two NFETs 115 and 116 can conduct in the high drain 
impact ionization region without failure. Thus, no ballasting 
is required making the use of NFETs more area efficient than 
PFETs as in the case of the prior art of FIG. 2. 
0033 Consider a situation in which integrated circuit 104 

is unpowered and discharged, and is then Subjected to a 
Human Body Model (HBM) ESD event. When integrated 
circuit 104 is unpowered and discharged, the first, second 
and third supply nodes 112-114 are all considered to be 
resting at the same potential. No current is flowing within 
ESD protection circuit 110 and all the nodes in the circuit are 
considered to be at ground potential. The capacitance of 
transistor 127 is discharged, and there is no voltage across 
the capacitance. 
0034) To perform the HBM test and to create a simulated 
ESD event, an external 100 picofarad HBM capacitor (not 
shown) is charged to 2000 volts, and is discharged into 
terminal 107 through a 1.5 k ohm external resistor (not 
shown). If ESD protection circuit 110 were not provided, 
then a large Voltage spike would be imposed between the 
first and second Supply nodes 112 and 113 and damage to the 
other circuitry of integrated circuit 104 could occur. In the 
circuit of FIG. 3, however, the voltage on first supply node 
112 (with respect to the potential on second Supply node 
113) increases rapidly. Large NFETs 115 and 116 are non 
conductive. Because capacitor 127 is discharged, the trigger 
voltage VTRIG on trigger node 134 is at the voltage on first 
supply node 112. The voltage on third supply node 114 
remains at ground potential. As the Voltage between the first 
and third Supply nodes 112 and 114 increases, the Voltages 
supplied onto supply leads 135 and 136 of inverter 119 
increase. Inverter 119 begins to function as a logic inverter. 
Because the voltage on the input lead of inverter 119 is a 
digital high (approximately the Voltage on first Supply node 
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112 due to capacitor 127 being discharged), inverter 119 
outputs a digital logic low and attempts to pull the timing 
signal voltage VINVI on node 137 low to the potential on 
third supply node 114. Inverter 120 receives the low timing 
signal voltage VINVI on node 137 and outputs a high signal 
VG1 onto the gate 138 of NFET 115. Inverter 120 outputs 
the high signal VG1 when a P-channel pullup transistor 
within inverter 120 couples the output lead of the inverter to 
first Supply node 112. As a result of the Voltage of signal 
VG1, the gate-to-source voltage of NFET 138 exceeds its 
threshold voltage and NFET 115 is made conductive. 
0035. During this initial period of the ESD event, the 
Voltage on third Supply node 114 is at ground potential and 
at the same potential as second Supply node 113. Transistor 
131 is therefore conductive. The timing signal voltage 
VINVI is higher (approximately the voltage on first supply 
node 112) as described above, so transistor 130 is made 
conductive. Because both transistors 130 and 131 are con 
ductive, the output node 133 of level-shifting inverter 121 is 
coupled to first supply node 112. The gate 139 of second 
NFET 116 is therefore driven with the high voltage on node 
112, and second NFET is made conductive. Because both the 
first and second NFETS 115 and 116 are conductive, a 
conductive path is established from first supply node 112, 
through first NFET 115, through second NFET 116, and to 
second supply node 113. An ESD current 140 flows, thereby 
clamping the voltage between the two nodes 112 and 113 to 
a Voltage that is not so high that other circuitry on integrated 
circuit 104 will be harmed. In the illustrated example, the 
voltage between nodes 112 and 113 does not exceed 2.1 
volts. In contrast to the conventional clamp of FIG. 2, the 
gate of first NFET 115 is coupled to first supply node 112 by 
a first conductive path through the P-channel pullup tran 
sistor (200/0.2 microns) within inverter 120 and the gate of 
the second NFET 116 is coupled to first supply node 112 by 
a second and entirely separate conductive path through 
P-channel transistors 131 and 130. 

0036. During this portion of the ESD event, the capaci 
tance of transistor 127 charges through the resistance of the 
parallel-connected transistors 128 and 129. The voltage on 
trigger node 134 therefore decreases with respect to the 
voltage on first supply node 112. When the voltage VTRIG 
on trigger node 134 reaches the Switching Voltage of inverter 
119, inverter 119 switches. The RC circuit is said to have 
“timed out. The timing signal voltage VINVI goes high 
(node 137 is coupled to first supply node 112 by inverter 
119). Transistor 123 is provided to add an amount of 
hysteresis to the switching characteristic of inverter 119. 
Because the timing signal Voltage VINVI goes high, inverter 
120 also switches and the voltage VG1 goes low (the voltage 
on gate 138 is coupled to the voltage on third supply node 
114 through an N-channel pulldown transistor within 
inverter 120). Because the voltage on third supply node 114 
is at ground potential at this time, first NFET 115 is made 
nonconductive. The digital high voltage on node 137 also 
causes P-channel transistor 130 to be nonconductive. As a 
result, node 133 is no longer coupled to first supply node 112 
through transistors 130 and 131. Node 133 is pulled down to 
the voltage on second supply node 113 by resistor 132. This 
low voltage on gate 139 of second NFET 116 causes second 
NFET 116 to be made nonconductive. Because the first and 
second NFETs 115 and 116 are nonconductive, the conduc 
tive current path between first supply node 112 and second 
Supply node 113 no longer exists. 
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0037. The ESD high voltage pulse is of a very short 
duration and is typically shorter than one microsecond. In 
fact, the RC time constant of an HBM discharge is 150 
nanoseconds. The ESD protection circuit therefore only 
needs to create the conductive current path during the short 
time that the ESD voltage could be present on first supply 
node 112. The RC time constant of RC circuit 118 is made 
adequately large so that the conductive ESD current path 
remains for a period of time larger than the duration of the 
short ESD pulse. In the specific example illustrated in FIG. 
3, this timeout period of the RC circuit is approximately 2 
microseconds. 

0038. Once the ESD current path no longer exists, the 
voltages on the first and third supply nodes 112 and 114 can 
be raised in a normal and ordinary power-up sequence so 
that the terminals 107-109 are provided with their proper 
Voltages for operation of integrated circuit 104. In one 
example, a proper power-up sequence involves raising the 
supply voltage V2 on terminal 109 from Zero volts to 1.8 
Volts over a period of ten milliseconds or more, and then 
once the Supply Voltage V2 has reached 1.8 volts increasing 
the supply voltage VDD on terminal 107 from Zero volts to 
3.0 volts over the next ten millisecond period. There is 
negligible current leakage through the ESD protection cir 
cuit 110. 

0039. If, rather than a rapid voltage rise condition of the 
ESD event described above, the voltages on the first and 
third supply nodes 112 and 114 were increased more slowly 
in a normal power-up sequence, then the ESD protection 
circuit 110 is not to form the conductive path between nodes 
112 and 113. The first and Second NFETs 115 and 116 are to 
remain nonconductive if the voltage between the first and 
second supply nodes increases from Zero volts to 3.0 volts 
in 20 microseconds or more. 

0040. Operation of the ESD protection circuit 110 under 
the normal power-up sequence is as follows. When the 
Voltage between the first and second Supply nodes 112 and 
113 increases slowly, the capacitance of transistor 127 
charges fast enough that the Voltage on trigger node 134 
remains adequately close to the Voltage on third Supply node 
114 that inverter 119 continuously receives a digital logic 
low on its input lead. Inverter 119 therefore continuously 
outputs a digital logic high (continuously couples node 137 
to first supply node 112). Inverter 120 therefore continu 
ously couples the gate 138 of first NFET 115 to third supply 
node 114 and first NFET 115 is never made conductive. 
Furthermore, because the voltage on node 137 remains at a 
digital logic high, P-channel transistor 130 remains noncon 
ductive. The voltage on node 133 is therefore pulled down 
by resistor 132 and remains at the low potential of second 
supply node 113. The low potential on gate 139 of second 
NFET 116 keeps second NFET 116 nonconductive. Accord 
ingly, during a normal power-up sequence when the Voltage 
on first supply node 112 rises relatively slowly, the first and 
second NFETS 115 and 116 are never made conductive and 
the ESD protection circuit 110 does not perform its clamping 
function. 

0041 Transistor 122 (200/0.2 microns) is provided to 
keep the Voltage on third Supply node 114 low at ground 
potential during an ESD event. There may be a non-trivial 
amount of capacitance on third Supply node 114. This may, 
for example, be due to the fact that node 114 is coupled to 
other circuitry (for example, output drivers) on integrated 
circuit 104 and to external power supply 103. If there is 
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significant capacitance between node 114 and node 112, and 
if a rapid voltage rise of an ESD event were present on node 
112, then capacitive coupling between nodes 112 and 114 
could cause the Voltage on node 114 to rise. 
0042. This is undesirable because the voltage on node 
114 is to remain adequately low to keep P-channel transistor 
131 conductive. If the conductivity of P-channel transistor 
were to be decreased, then the voltage on node 133 and the 
gate 139 of second NFET 116 might decrease to the point 
that second NFET 116 begins to constrict the ESD current 
path. Second NFET 116 is, however, to be as conductive as 
possible during the ESD event so that it can conduct the ESD 
current. Accordingly, N-channel transistor 122 is provided. 
When the voltage on node 133 is adequately high, N-channel 
transistor 122 is conductive and couples third Supply node 
114 to the ground potential on second supply node 113. This 
keeps the capacitance on third Supply node 114 discharged 
to the Voltage on second Supply node 113. A rapid increase 
in the voltage on first supply node 112 does not therefore 
result in a rise in the Voltage on third Supply node 114. In one 
advantageous aspect, third Supply node 114 and its associ 
ated conductor 111 on integrated circuit 104 is not connected 
directly to gate 139 of NFET 116. By decoupling the third 
supply node 114 from the gate of NFET 116, the switching 
of NFET 116 is not slowed by the potentially large capaci 
tances of conductor 111 that extends to many places (for 
example, to output drivers and to terminal 109) on integrated 
circuit 104. 

0043 FIG. 4 is a waveform diagram that shows the 
waveforms of nodal voltages within ESD protection circuit 
110 during the above-described HBM ESD event. Note that 
the voltage VDD is clamped to be less than approximately 
2.1 volts. 
0044 FIG. 5 is a waveform diagram of the current IDD 
flowing from terminal 107 into ESD protection circuit 110 in 
the operational example of FIG. 4. 
0045 FIG. 6 is a waveform diagram that shows a normal 
power-up sequence. In a normal power-up sequence, the 
supply voltage V2 is ramped up from Zero to 1.8 volts first, 
and then the supply voltage VDD is ramped up from Zero to 
3.0 volts. The ramp up period can be as short as one 
millisecond, or can be as long as one second or more. In the 
illustrated example, the power-up sequence takes 20 milli 
seconds. 

0046 FIG. 6 also includes a waveform of the current IDD 
flowing into the ESD protection circuit 110 in an embodi 
ment in which transistor 129 is not provided. Note that there 
is a large spike 200 in the IDD waveform. No such large 
current spike is present if the supply voltages V2 and VDD 
are ramped up over a time longer than one second. The large 
current spike 200 occurs because both large NFETs 115 and 
116 are on momentarily. Once supply voltage V2 has 
reached 1.8 volts, the supply voltage VDD is ramped up 
from Zero volts as illustrated. Due to the capacitive coupling 
of transistor 127, the voltage VTRIG on trigger node 134 
increases along with Supply Voltage VDD, thereby causing 
a larger Voltage between trigger node 134 and third Supply 
node 114 than between trigger node 134 and first supply 
node 112. As a result, inverter 119 switches and outputs a 
digital low value, inverter 120 switches and outputs a digital 
high value, and NFET 115 is turned on. When VINVI node 
137 is at a digital low value (node 137 is coupled to third 
supply node 114 by inverter 119), P-channel transistor 130 
is conductive. P-channel transistor 131 is already conductive 
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due to Supply Voltage V2 having been increased up to 1.8 
volts. With both P-channel transistors 130 and 131 conduc 
tive, the voltage on node 133 increases and NFET 116 is 
turned on. With both NFETs 115 and 116 on simultaneously, 
the large current 200 flows from first supply node 112 to 
second supply node 113. As indicated by FIG. 6, current 
spike 200 can have a magnitude of over one ampere. Once 
supply voltage VDD reaches its 3.0 voltage level, the 
Voltage on first Supply node 112 stops rising. Transistor 128 
is then able to pull the voltage on node 134 down from the 
voltage on the first supply node. This causes inverters 135 
and 120 to switch, and turns off NFETs 115 and 116. The 
current spike situation is therefore of only a short duration. 
0047. To reduce or eliminate the current spike, P-channel 
transistor 129 is provided. In an ESD event, P-channel 
transistor 129 is biased off and does not affect circuit 
operation. It is biased off because node 133 and the gate of 
NFET 116 are coupled to first supply node 112 as described 
above. The high voltage on node 133 prevents transistor 129 
from turning on. In the normal power-up sequence of FIG. 
6, however, the supply voltage V2 is at 1.8 volts before the 
Voltage on first Supply node 112 begins to increase. Voltage 
V2 is on the gate of P-channel transistor 131, so transistor 
131 is off. The voltage on node 133 is therefore pulled down 
to the potential of second supply node 113 through resistor 
132. The gate-to-source voltage of P-channel transistor 129 
is above the threshold voltage of P-channel transistor 129. 
P-channel transistor 129 is therefore turned on in the normal 
power-up sequence. P-channel transistor 129 reduces the 
resistance between trigger node 134 and the third supply 
node 114 so that the capacitance of transistor 127 remains 
fully charged (charged to the voltage difference between 
nodes 112 and 114) throughout the time supply voltage VDD 
rises. VTRIG therefore does not rise with the rise of the 
voltage on first supply node 112, and inverter 119 always 
outputs a digital logic high. NFETs 115 and 116 therefore are 
not made conductive, and there is no large current spike 
through NFETs 115 and 116. 
0048 FIG. 7 is a waveform diagram that shows a wave 
form of the current IDD flowing into the ESD protection 
circuit 110 when transistor 129 is provided and when the 
Supply Voltages are applied in the normal power-up 
sequence of FIG. 7. The peak magnitude of the spike 201 in 
current IDD is reduced to less than 11 microamperes. This 
IDD current is largely due to the charging current that 
charges transistor 127. 
0049 FIG. 8 is a simplified flowchart of a method 300 in 
accordance with one novel aspect. In a first step (step 301), 
during an ESD event, the gates of the first and second NFETs 
115 and 116 are coupled to first supply node 112. In the 
circuit of FIG. 3, the gate 138 of the first NFET 115 is 
coupled to first supply node 112 by the P-channel pullup 
transistor in inverter 120. The gate 139 of the second NFET 
116 is coupled to first supply node 112 by conductive 
P-channel transistors 130 and 131. The RC trigger circuit 
then times out, such that after the ESD event (step 302) the 
ESD detection circuit 117 controls both the first and second 
NFETs 115 and 116 to be nonconductive. 

0050 Although certain specific embodiments are 
described above for instructional purposes, the teachings of 
this patent document have general applicability and are not 
limited to the specific embodiments described above. 
Although not illustrated in FIG. 3, there may be resistor 
structures between the terminals 107-109 and the associated 
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supply nodes 112-114. Although integrated circuit 104 is 
illustrated connected into a system, ESD protection circuit 
110 also functions to protect integrated circuit 104 in situ 
ation in which integrated circuit 104 is a loose packaged 
integrated circuit that is being handled prior to being incor 
porated into another circuit or product. Although ESD 
protection circuit 110 is illustrated in connection with a 
system in which Supply Voltage V2 is Supplied onto inte 
grated circuit 104 from an external supply, in other embodi 
ments Supply Voltage V2 is generated on integrated circuit 
104. The second supply voltage V2 is believed to have no 
standard name in the art, but may be referred to as Vcas, for 
cascode Voltage, or may be referred to as Vint, for interme 
diate voltage, or may be referred to as Vmid, for middle 
voltage. The values and waveforms set forth above are 
illustrative. For more accurate numbers and waveforms and 
for information on additional operational details, the ESD 
protection circuit can be fabricated and tested. Alternatively, 
and in addition, the ESD protection circuit can be simulated 
on a circuit simulator such as SPICE and the nodal voltages 
and currents can be plotted and analyzed. Accordingly, 
various modifications, adaptations, and combinations of the 
various features of the described specific embodiments can 
be practiced without departing from the scope of the claims 
that are set forth below. 

What is claimed is: 
1. An electrostatic discharge (ESD) protection circuit, 

comprising: 
a first supply node; 
a second Supply node: 
a first N-channel field effect transistor (NFET) having a 

gate. 
a second NFET having a gate, wherein the second NFET 

is coupled in series with the first NFET such that during 
an electrostatic discharge (ESD) event an ESD current 
flows from the first supply node, through the first 
NFET, through the second NFET, and to the second 
Supply node; and 

an ESD detection circuit that during the ESD event 
couples the gates of first and second NFETs to the first 
Supply node. 

2. The ESD protection circuit of claim 1, wherein the ESD 
detection circuit comprises: 

an RC circuit that is coupled to the first supply node and 
to a third supply node such that during the ESD event 
the RC circuit conducts current from the first supply 
node and to a trigger node, and from the trigger node 
and to the third Supply node; and 

an inverter having an input lead that is coupled to the 
trigger node, wherein the inverter has a first Supply 
Voltage lead and a second Supply Voltage lead, the first 
Supply Voltage lead of the inverter being coupled to the 
first Supply node, the second Supply Voltage lead of the 
inverter being coupled to the third Supply node, 
wherein the third supply node is not directly connected 
to the gate of the second NFET. 

3. The ESD protection circuit of claim 2, wherein the ESD 
detection circuit further comprises: 

a P-channel field effect transistor (PFET) having a gate, a 
Source and a drain, wherein the gate is coupled to the 
third Supply node, and wherein the drain is coupled to 
the gate of the second NFET. 

4. The ESD protection circuit of claim3, wherein the ESD 
detection circuit further comprises: 
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a resistor having a first lead that is coupled to the drain of 
the PFET and having a second lead that is coupled to 
the second Supply node. 

5. The ESD protection circuit of claim 2, wherein the ESD 
detection circuit further comprises: 

a P-channel field effect transistor (PFET) having a gate, a 
Source, and a drain, wherein the source is coupled to the 
trigger node, wherein the drain is coupled to the third 
Supply node, and wherein the gate is coupled to the gate 
of the Second NFET. 

6. The ESD protection circuit of claim 1, wherein the ESD 
protection circuit is part of an integrated circuit, wherein the 
first Supply node is coupled to receive a Supply Voltage from 
a first terminal of the integrated circuit, and wherein the 
second Supply node is coupled to receive a ground potential 
from a second terminal of the integrated circuit. 

7. The ESD protection circuit of claim 6, wherein the third 
Supply node is coupled to receive a second Supply Voltage 
from a third terminal of the integrated circuit. 

8. The ESD protection circuit of claim 2, wherein the ESD 
protection circuit is part of an integrated circuit, and wherein 
the third supply node is coupled to an output driver of the 
integrated circuit. 

9. The ESD protection circuit of claim 2, wherein the ESD 
detection circuit further comprises: 

a third NFET having a gate, a source and a drain, wherein 
the source of the third NFET is coupled to the second 
supply node, wherein the drain of the third NFET is 
coupled to the third Supply node, and wherein the gate 
of the third NFET is coupled to the gate of the second 
NFET. 

10. The ESD protection circuit of claim 2, further com 
prising: 

a third NFET having a gate, a source and a drain, wherein 
the source of the third NFET is coupled to the third 
supply node, wherein the drain of the third NFET is 
coupled to the trigger node, and wherein the gate of the 
third NFET is coupled to an output lead of the inverter. 

11. The ESD protection circuit of claim 2, wherein the 
first and second NFETs are completely encircled by a 
Substrate tie ring. 

12. The ESD protection circuit of claim 1, wherein the 
ESD event is taken from the group consisting of a Human 
Body Model (HBM) event, a Charge Device Model (CDM) 
event, and a Machine Model (MM) event. 

13. A method comprising: 
(a) during an electrostatic discharge (ESD) event, cou 

pling a gate of a first N-channel field effect transistor 
(NFET) to a first Supply node and also coupling a gate 
of a second NFET to the first supply node such that a 
conductive path is established from the first supply 
node, through the first NFET, through the second 
NFET, and to a second supply node; and 

(b) after the ESD event, controlling both the first and 
second NFETs to be nonconductive such that the con 
ductive path is broken. 

14. The method of claim 13, wherein the first and second 
NFETs remain substantially nonconductive if a voltage 
between the first and second Supply nodes increases from 
Zero Volts to a Supply Voltage in twenty microseconds or 
O. 
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15. The method of claim 14, wherein the gate of the first 
NFET is coupled to the first supply node in (a) through a first 
conductive path, and wherein the gate of the second NFET 
is coupled to the first Supply node in (a) through a second 
conductive path that is separate from the first conductive 
path. 

16. The method of claim 14, further comprising: 
receiving a Voltage onto a third Supply node; and 
using a third NFET to couple the third supply node to the 

second supply node during the ESD event. 
17. The method of claim 14, further comprising: 
using a level-shifting inverter to drive the gate of the 

second NFET, wherein the level-shifting inverter has a 
first input lead and a second input lead, wherein the first 
input lead is coupled to receive a timing signal, and 
wherein the second input lead is coupled to a third 
supply node, and wherein the level-shifting inverter 
includes a resistor having a first lead and a second lead, 
the first lead of the resistor being coupled to the gate of 
the second NFET, the second lead being coupled to the 
second Supply node. 

18. The method of claim 13, wherein the second NFET is 
completely encircled by a substrate tie ring, wherein the 
substrate tie ring couples a body of the second NFET to a 
ground potential. 

19. The method of claim 13, further comprising: 
using an RC circuit to control when the conductive path 

is broken, wherein the RC circuit involves a capaci 
tance that is charged through a resistance; and 

changing the resistance as a function of a Voltage on the 
gate of the second NFET. 

20. An integrated circuit comprising: 
a first Supply node: 
a second Supply node: 
a first N-channel field effect transistor (NFET) having a 

gate. 
a second NFET having a gate; and 
means for coupling the gates of the first and second 
NFETs to the first supply node during an ESD event 
such that an ESD current is conducted from the first 
Supply node, serially through the first and second 
NFETs, and to the second supply node, and wherein the 
means is also for controlling the first and second NFETs 
to be substantially nonconductive if a voltage between 
the first and second Supply nodes increases from Zero 
Volts to a Supply Voltage in more than twenty micro 
seconds when there is no ESD event. 

21. The integrated circuit of claim 20, further comprising: 
a third Supply node, wherein the means is also for 

coupling the gate of the second NFET to the first supply 
node when both: 1) a voltage on the third supply node 
is Substantially equal to a Voltage on the second Supply 
node, and 2) after an RC circuit of the means has timed 
Out. 

22. The integrated circuit of claim 21, wherein the RC 
circuit includes a capacitance that is charged through a 
resistance, and wherein the means changes the resistance as 
a function of a voltage on the gate of the second NFET. 
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